Background: Small dense LDL cholesterol (sdLDL-c) has been established to be highly associated with metabolic disorder. However, the relationship between circulating sdLDL-c and the presence of metabolic syndrome (MetS) has not been fully established. Methods: A total of 1065 Chinese males (45.07 ± 11.08 years old) without diabetes and general obesity was recruited into a population-based, cross-sectional study. The MetS was defined based on the updated National Cholesterol Education Program/ Adult Treatment Panel III criteria for Asian Americans. Serum sdLDL-c concentration was measured by a homogeneous assay method and its relationship with MetS and its traits was investigated.
Background
Metabolic syndrome (MetS) represents a group of clinical and laboratory abnormalities (central obesity, hypertension, dyslipidemia and hyperglycemia) that augment the risk of developing atherosclerosis, cardiovascular disease, type 2 diabetes mellitus (T2DM) and all-cause of mortality [1] [2] [3] . The prevalence of MetS has increased at an alarming rate worldwide over the last two decades [4] [5] [6] . In China, the prevalence of MetS has increased by approximately 20% from 2001 to 2010 (9.8% in 2001 vs 31.0% in 2010) according to the criterion of National Cholesterol Education Program (NCEP)-the Adult Treatment Panel III (ATP III), which translates to an estimated 260 million adults with increased MetS [7] [8] [9] . Many studies have shown that MetS was an independent risk factor in the pathogenesis of many chronic diseases such as T2DM, cardiovascular disease (CVD) and so forth [10] [11] [12] . Although the exact molecular mechanism of MetS remains elusive, identifying the key markers associated with MetS development and progression is very essential.
Low-density lipoprotein (LDL) is one of the body's lipoproteins and an important carrier of cholesterol in the circulation. High levels of LDL cholesterol (LDL-c) were associated with a high risk of developing CVD [13] . Over the past two decades, interest has grown in the predictive value of LDL particle size, and the determination of LDL particles has been included into the guidelines of the American Association of Clinical Endocrinologists for prevention of atherosclerosis [14] . Small, dense low-density lipoprotein cholesterol (sdLDL-c), a type of smaller LDL-c, is considered an emerging risk factor for T2DM and CVD. SdLDL-c levels have been found the association with elevated triglyceride (TG) levels and low HDL-c concentrations, constitutes the 'proatherogenic lipoprotein phenotype' , a common feature of T2DM and MetS [15] [16] [17] . The potential mechanism maybe partly because of the lower affinity for the LDL receptor and its multiple atherogenic modifications in blood [18] . And subjects with higher sdLDL-c levels have been shown to be associated with an increased risk factor for cardiovascular disease both in cross-sectional and prospective observational studies [19] [20] [21] [22] .
Moreover, high circulating sdLDL-c levels were also associated with obesity and systemic inflammation [23, 24] . Obesity, which is usually accompanied by systemic inflammation, has long been regarded as the main origin of MetS. Indeed, dyslipidemia and inflammation, the main and unifying hypothesis to describe the pathophysiology of atherosclerosis, are both associated with sdLDL-c [25] [26] [27] . In addition, there is an interaction between dyslipidemia and inflammation, the pro-inflammatory pathway can directly affect lipid metabolism, including elevated level of triglyceride-rich very low-density lipoproteins (VLDL), triglyceride (TG) and free fatty acids (FFA) [28] . At high TG levels status, VLDL particles are initially converted to large LDL particles and subsequently converted to small dense LDL, resulting in an increase of sdLDL-c level in circulation [29] . Inversely, lipids can also directly induce an inflammatory reaction, and cholesterol feeding can promote the inflammatory reaction, which in turn may contribute to the development of MetS [30, 31] .
However, studies focus on the relationship between sdLDL-c with MetS and its components is limited. Besides, there were no previous studies conducted mediation analysis to investigate the detail of which factors mediate the associations between central obesity, inflammation, sdLDL-c and Mets in humans. The objective of the present study was to evaluate the association of sdLDL-c concentration with the presence of MetS and its components in 1065 Chinese males without general obesity and diabetes.
Methods

Subjects and settings
Study participants were recruited from the locoman health screening in Shaoguan Railway Hospital (Shaoguan City, Guangdong Province, China) from April 2016 to August 2017. There were 1842 males aged 20-70 years participated in this cross-sectional study. For the present study, exclusion criteria were the existence of any infectious or significant hematologic disorders, thyroid dysfunction, severe liver and/or renal insufficiency, malignant tumors and those with missing variables. Subjects were also excluded if they were admitted from the Emergency Room or receiving treatment from the clinic, resulting in a total of 1065 participants without diabetes and general obesity for the final analyses. The study protocol was approved by the Institutional Review Board of the Sun Yat-sen University, conducted according to the principles expressed in the Declaration of Helsinki and written informed consent was obtained from all participants.
Measurements
Participants were interviewed to collect information on demographic characteristics, behavioral habits, medical history and the use of medication by a standardized questionnaire. Smoking habits and alcohol consumption were classified into three groups: never, past, or current. Current smoker was defined as subject who smoked at least one cigarette per day for more than 6 months. Current drinker was defined as subject who drank any type of alcoholic beverage at least once a week for more than half a year. Physical activity defined as taking physical activity at least once a week during the past 12 months.
Clinical measurements of each subject were extracted from an electronic medical record system. Trained nurses measured height, weight, waist circumference and blood pressure using a standard protocol [25] . Body mass index (BMI) was defined as the weight in kilograms divided by the square of height in meters, BMI ≥28 kg/m 2 was defined as general obesity [32] [33] [34] . Men with waist ≥90 cm was defined as central obesity. Blood samples were taken after at least 12-h's fast in the morning and collected for the measurement of sdLDL-c, which were measured by a homogeneous assay method (sdLDL-EX "Seiken", Denka Seiken, Tokyo, Japan) using the Hitachi Automatic Analyzer 7600-020 (Hitachi, Tokyo, Japan) [19, 35] . Total blood cholesterol, HDL-c, LDL-c and TG were measured enzymatically using an automatic analyzer (Hitachi 747 autoanalyzer, Hitachi) using a commercial assay kit (Wako Pure Chemical Industries, Osaka, Japan). LDL-c ≥ 3.3 mmol/L (130 mg/dL) was defined as high LDL-c [36] . Serum levels of high-sensitivity C reactive protein (hsCRP) were determined by a high-sensitivity turbidimetric assay (Roche, Basel, Switzerland).
Definition of MetS
MetS was defined based on the updated National Cholesterol Education Program/ Adult Treatment Panel III criteria for Asian Americans as having at least three of the following components: 1) waist circumference ≥ 90 cm for men or ≥ 80 cm for women; 2) TG ≥1.7 mmol/L; 3) HDL cholesterol <1.03 mmol/L for men or <1.30 mmol/L for women; 4) blood pressure (BP) ≥130/85 mmHg or current use of antihypertensive medications; 5) fasting plasma glucose (FPG) ≥5.6 mmol/L, previously diagnosed type 2 diabetes or treatment with oral antidiabetic agents or insulin [37] .
Statistical analysis
Data were expressed as the mean ± standard deviation (SD) for normally distributed variables, whereas median with interquartile range (IQR) for variables with a skewed distribution and numbers (percentages) for the categorical variables. Student's T-test, ANOVA, Mann-Whitney U test or Kruskal-Wallis test was used for the comparisons between continuous variables. Differences between categorical data were assessed with the χ2 test. Adjusted mean differences in metabolic variables across sdLDL-c quartiles were calculated using linear regression analysis. Odds Ratio (OR) and 95% confidence interval (95% CI) was performed by binary Logistic regression analysis to quantify the relationship between sdLDL-c with MetS and its clusters. Stratified analysis was used to evaluate the effect of LDL-c level on the association between sdLDL-c and MetS. A causal mediation analysis, the Process Macro for SPSS, was used to analyze the extent to which sdLDL-c explains the association of central obesity with MetS components and the extent to which hsCRP mediates the effect of sdLDL-c on MetS component values. Effects were estimated by means of nonparametric bootstrapping with 5000 resamples and percentile-based confidence intervals [38] . A two-sided P < 0.05 were considered statistically significant. Statistical analyses were performed using the SPSS program (ver 20.0, SPSS).
Results
Characteristics of study participants
The baseline demographic and clinical characteristics of the study participants are summarized in Table 1 . The average age was 45.07 ± 11.08 years of all the subjects, of whom 27.9% had MetS and 31.3% were central obesity. The median sdLDL-c concentration was 1.03(0.73,1.31) mmol/L and the mean hsCRP concentration was 1.78 ± 3.28 mg/L. Compared to subjects without MetS, subjects with MetS had higher sdLDL-c and hsCRP levels (both p < 0.05). In addition, the sdLDL-c/LDL-c was significantly higher in MetS subjects compared with non-MetS subjects (p < 0.001), while levels of LDL-c were similar Values were means±SD or medians in cases of continuous variables and numbers (percentages) in case of categorical data. For differences across the groups of calculated with χ2 test and analysis of variance for categorical and continuous data, respectively. sdLDL-c small dense low-density lipoprotein-cholesterol, BMI body mass index, HDL high-density lipoprotein, SBP systolic blood pressure, DBP diastolic blood pressure, TC total cholesterol, TG triglyceride, HDL-c high-density lipoprotein-cholesterol, LDL-c low-density lipoprotein-cholesterol, hsCRP high-sensitivity C-reactive protein, FPG fasting plasma glucose, n number. To convert sdLDL-c to mg/dL, multiply by 38.6 in subjects with or without MetS (p > 0.05). SdLDL-c level increased gradually with the number of MetS components (Fig. 1) . The sdLDL-c levels increased gradually from the subjects without MetS (0.71 mmol/L) to those with all 5 MetS components (1.10 mmol/L).
Correlations between serum sdLDL-c levels and MetSrelated parameters
Partial Spearman correlation analysis showed that sdLDL-c was significantly positively correlated with MetS-related parameters, such as TG, HDL-c, FPG and waist circumference after adjusting for age, smoking, drinking and physical activity (p < 0.001, Table 2 ). The strongest correlation was between sdLDL-c and TG (r = 0.454, p < 0.001). Besides, the sdLDL-c level was significantly positively correlated with LDL-c (r = 0.609, p < 0.001), while there was no significant correlation between sdLDL-c and hsCRP (r = 0.051, p = 0.100).
Association of serum sdLDL-c levels with MetS and its components
The proportion of MetS and its related metabolic disorders increased across sdLDL-c quartiles. Multiple logistic regression analysis showed that the sdLDL-c level was associated with high waist circumference, high TG and low HDL-c, independent of age, smoking, drinking and physical activity (Table 3 , model 1). After additionally adjusting for FPG, hsCRP and anthropometric measurements, the association remained significantly between sdLDL-c and MetS-related dyslipidemia (high TG and low HDL-c), and high TG concentration had the strongest association with sdLDL-c level ( Table  3 , model 2).
The effect of LDL-c level on the association between sdLDL-c and MetS
Stratified analysis of the effect of LDL-c level on the association between sdLDL-c and MetS. Results showed that the OR (95% CI) between serum sdLDL-c levels and MetS was 22.97(7.64,69.09) in group of those LDL-c levels lower than 3.3 mmol/L, whereas in the group of those LDL-c level higher than 3.3 mmol/L, the OR (95% CI) was 17.49(4.43,68.98), which indicates the association was more prominent in the group of those LDL-c levels lower than 3.3 mmol/L (Fig. 2) . Furthermore, results showed that the proportion of patients with MetS increased gradually with increasing sdLDL-c/LDL-c level (p for trend< 0.001) and the OR between sdLDL-c/LDL-c level and MetS was significantly elevated in the higher sdLDL-c/ LDL-c quartiles. (Additional file 1: Fig. S1 and Table S1 ).
SdLDL-c mediated the effect of waist circumference on MetS-related parameters
Causal mediation analysis showed that sdLDL-c mediated 38.6% of the association between waist circumference with TG concentration and 13.5% of the association of waist circumference with FPG (Table 4) . FPG mediated about 7.3% of the association of sdLDL-c with BMI (Additional file 1: Table S2 ). While hsCRP did not mediate any of the associations of sdLDL-c and MetS (Additional file 1: Table S3 ). This result was consistent with the finding in Table 2 that there was no association between sdLDL-c and hsCRP.
Discussion
Small dense LDL cholesterol (sdLDL-c), is a distinct LDL cholesterol subclass, which is associated with raised TG and decreased HDL-c levels in adiposity and diabetes, playing a distinct metabolic role in atherosclerosis [2] [3] [4] . However, the relationship of sdLDL-c with MetS and its components has not been fully established. In the present study, we found that sdLDL-c was strongly associated with MetS and its components, independently of central obesity and inflammation in subjects without general obesity and diabetes. Our results showed that sdLDL-c level increased gradually with the number of MetS components and the proportion of patients with MetS increased gradually with increasing sdLDL-c levels. Besides, the OR between serum sdLDL-c levels and MetS was greater in lower LDL-c levels than in higher LDL-c levels, suggesting that the association between sdLDL-c and MetS was independent of LDL-c levels. Notably, the causal mediation analysis revealed that sdLDL-c mediated 38.6% of the association between waist circumference and TG concentration, while hsCRP did not mediate any of the associations of sdLDL-c and MetS. Thus, our findings indicated that a higher level of sdLDL-c might be a key marker associated with MetS progression even before the appearance of central obesity, diabetes and inflammation. MetS is a complex of clinical features and the main feature of which is obesity. Individuals with obesity show The variable used in the direct definition of the outcome variable (FPG, waist circumference or hsCRP) was excluded from the adjustment variables Fig. 2 Effect of LDL-c subgroups on the association between sdLDLc and MetS characteristic imbalance of metabolic profile which is associated with profound changes in insulin sensitivity, inflammatory reaction and other biochemical metabolites alterations, making an individual more potential to metabolic disorders [39] [40] [41] [42] . Studies have found an increased level of plasm sdLDL-c particles in general obese participants [43] . Our study also found a positive association of sdLDL-c with FPG and waist circumference, a simple anthropometric measure of central obesity, after multivariate adjustment. However, due to the lack of evidence for the detail of which factors mediate the associations between central obesity, diabetes and sdLDL-c in humans, determining which of their pathway associated with MetS acts first is difficult. Mediation analysis demonstrated that sdLDL-c only explained 13.5% of the waist circumference with FPG and FPG did not mediate any of the association of sdLDL-c with MetS, except 7% of the association of sdLDL-c with BMI. Besides, the present study including subjects without general obesity and diabetes, we were able to address the association between sdLDL-c and MetS was independent of waist circumference and FPG, indicating that central obesity may not be an original cause of the relationship between sdLDL-c level and MetS.
The inflammatory reaction is also an important predictor of MetS and usually accompanied with obesity, which is usually performed as a low grade, systemic inflammation, such as C-reactive protein [44, 45] . Study has found that higher hsCRP levels correlated with smaller LDL size and implied that low-grade inflammation was closely linked to alterations in lipoprotein metabolism [46] . In our study, however, we found there was no significant relationship between sdLDL-c and hsCRP after adjusting for other variables. The reason for the inconsistent results compared with former studies were likely due to the subjects in our study are non-obese and non-diabetes, both are the main causes of inflammation [40] . Furthermore, studies found that increased oxidative stress played an important role in the initiation and progression of metabolic disorders [47, 48] . SdLDL-c is the precursor of oxidized LDL (ox-LDL) and study has revealed that higher ox-LDL concentrations were associated with MetS and its components independently of central obesity and insulin resistance [49] , suggesting that oxidative stress may represent the mechanistic pathway through which high sdLDL-c status promote the metabolic disorders. Accordingly, our study indicated that sdLDL-c is directly associated with MetS and its components, initially acting in parallel with central obesity and inflammation.
A possible explanation for the result that sdLDL-c was strongly associated with MetS and its components, independent of LDL-c, central obesity, inflammation and other variables, is the shift in the metabolites used to produce energy [50] . Energy metabolism disorder is the main reason, while dyslipidemia, central obesity, inflammation, oxidative The total effect, direct effect, and sdLDL-c mediated effect of waist circumference on each MetS-related parameter and the proportion of the total effect of waist circumference that is mediated by sdLDL-c were showed in the table; The 95% CI was calculated by nonparametric bootstrapping, Process Macro for SPSS; The model was adjusted for age, smoking, drinking and physical activity stress and diabetes emerging as secondary consequences. Normally, the apo B-containing triglyceride-rich VLDL, which is secreted by the liver, was under the action of hepatic lipase to form normal-size LDL that remains in circulation for 2 days. At high TG condition, VLDL particles are initially converted to large LDL particles then thereafter converted to sdLDL-c, which can remain in circulation for about 5 days [29] . Our study showed that sdLDL-c mediated 38.6% of the association between waist circumference and TG concentration, which was the strongest that we found among the MetS components, maybe partly because of their common participation in lipids pathways. In addition, the composition of HDL-c can be altered in the high VLDL condition, leading to increased catabolism of lipid particles [51] . We found that as the increase of sdLDL-c level, HDL-c level increased significantly in the fourth quartile of sdLDL-c levels. This result is consistent with the recent study that a U-shaped association between HDL-c and mortality was found, suggesting that an extremely high concentration of HDL-c is a risk factor for metabolic disorders [52, 53] . Maybe the potential trigger for elevated HDL-c levels associated with high mortality is due to the high level of sdLDL-c, but the mechanisms require investigating in the future study. There were several limitations to our study. Firstly, this was a cross-sectional study, which is unable to identify any causal relationships between sdLDL-c and MetS. Secondly, regressions were adjusted for the main potential confounders, but there may still exist some residual confounding because of unmeasured or unknown confounders. Third, we do not detect the level of HOMA-IR, which is the marker of insulin resistance. Finally, our study includes only middle-aged Chinese males, whether such mediation effect was present in females, other populations or other age groups should be studied in the future.
Conclusion
In conclusion, this study shows that higher sdLDL-c concentrations are associated with MetS and its components independently of central obesity and inflammation. What's more, the association between sdLDL-c and MetS is more pronounced in lower LDL-c levels than in higher LDL-c levels. Levels of sdLDL-c may play a role as the key marker associated with MetS and its components in parallel with central obesity and inflammation.
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